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Abstract
Creep rupture time data of discontinuously reinforced 6061Al-15vol%SiCw metal matrix 
composite, MMC, have been analyzed. Well known phenomenological models, usually 
applied to high temperature structural metals, such as those described by the Monkman-Grant
and Larson-Miller equations, have been used. Consistent results are obtained when data are 
analyzed in the context of the effective stress borne by the metallic matrix. Such analysis 
supports further the relevance of a load transfer mechanism during creep of these MMCs, as 
previously suggested.
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In a previous work [1], the creep behavior of a powder metallurgical, PM, 6061Al-
15vol%SiCw composite and the corresponding un-reinforced 6061Al alloy, also obtained by 
PM, was investigated. Usually, the creep deformation rate of discontinuously reinforced metal 
matrix composites, MMCs, has been explained on the basis of the creep behavior of the matrix 
alloy and assuming the presence of a threshold stress term, 0, such that the following power-
law creep relation is satisfied between the steady state or minimum creep rate, min , and the 
applied stress, ,
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where A´ is a material’s microstructure constant, E the Young’s modulus, n the stress 
exponent, Qc the activation energy for creep, R the universal gas constant (R=8.314 kJ/mol K), 
and T the absolute temperature. Attempts to understand the significance of 0 on the basis of 
particle-dislocation interaction micro-mechanisms, however, have failed. On the contrary, it 
was shown in [1], that composites´ creep behavior can be understood in terms of the sub-
structure invariant Sherby´s model [2] (n=8 in equation (1)) and replacing 0 by the load 
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2carried by the reinforcement, T. In other words, the composite creep rate is dictated by that of 
the matrix alloy which sustains only part of the applied stress, (), due to a partition effect,
(under the hypothesis that no damage or deleterious reactions at the metal-ceramic interface 
occur). In this manner, speculations about the meaning of 0 are avoided and a solid new 
framework of composite creep deformation at high temperatures can be assumed. The analysis 
of the experimental results obtained in [1] was assessed by Shear-Lag and Eshelby models of 
the load carried by the reinforcement. Also, the trends shown from the analysis of data of a 
number of investigations in the literature on aluminum alloy matrix composites and 
corresponding un-reinforced alloys confirmed the model proposed in [1].
An important consequence of this new view is that any matrix-dislocation-based plasticity 
model attempting to account for the creep of the metallic matrix alloy should consider that the 
actual stress which matrix dislocations bear is (). This is contrary to the former view of 
equation (1) (with instead of ) in which the stress that the dislocations undergo is 
directly .
The purpose of the present research is to validate further this new view of composite creep 
behavior from creep rupture data obtained from the above PM composite (denoted as E219) 
and the corresponding un-reinforced alloy (denoted as E220). To this objective, available 
models accounting for phenomenological correlations between time to failure and creep data 
will be used [4-6]. The development of such models, which extrapolate the data obtained from 
laboratory creep tests, was promoted by the need to know the creep life of engineering 
structures designed to operate over time scales that can well exceed decades. Typically, 
laboratory tests are carried out over much shorter time periods, ranging from some few hours 
up to several months. Obviously, the final objective of these predictions is to prevent 
catastrophic creep rupture during component service operation. The predictive capacity of 
these models is, hence, crucial for a safe service during the time period for which these 
structures were designed. One of the key features that guaranties this capacity is that the 
underlying creep/damage mechanisms which dominate materials deformation should be same 
in the short-term creep tests and in the long-term real service condition. Therefore, appropriate 
data analysis in light of these models may shed further understanding on the creep 
deformation of structural materials.
It will be shown here that very consistent results between the time to rupture data from the 
above 6061Al-15vol%SiCw PM composite and the corresponding un-reinforced alloy are 
obtained under the assumption that a load partition process during composite creep 
deformation is operative.
3The materials investigated, the PM processing route, and the experimental procedure for the 
creep tests are well described elsewhere [1,7]. Briefly, powder of 6061Al alloy of average 
particle size less than 45 mm [7] was mixed in a ball-mill with SiC whiskers 20-40 m in 
length and average diameter of 0.4 m [8]. The resulting blend was extruded into a cylindrical 
bar. The same PM route was used to prepare the 6061Al bulk alloy. Tensile creep tests were 
carried out under constant stress (4-50 MPa) provided by an Andrade cam and in the 
temperature range of 573-723 K (300-450ºC). Cylindrical creep specimens 10 mm in the 
gauge length and 3 mm in diameter with threaded heads were machined parallel to the 
extrusion axis. A load cell, inserted in the loading system, allowed monitoring of the applied 
load. The sample elongation was measured through LVDTs suitably attached to the sample. 
Test data was stored into a computer through appropriate data acquisition boards. Scanning 
electron microscopy, SEM, was used to investigate the fracture surface of materials.
The results and the analysis of the minimum creep rate dependence with the applied stress 
were presented in [1]. It was seen that typical power law dependence with high stress 
exponents, in the range of 12.3-27.4, were obtained. The analysis of [1] demonstrated that the 
improved creep response of the composite could be explained on the basis of a load transfer 
mechanism. Here, the time to failure data will be analyzed within the same framework.
In Figure 1, the time to failure data of the un-reinforced alloy (Figure 1a) and of the composite 
(Figure 1b) are plotted as a function of the minimum creep rate in a double logarithmic scale
(Monkman-Grant plots). Some differences between the un-reinforced alloy and composite 
data trends can be appreciated. It is seen that the data for the un-reinforced alloy fit quite well 
in a common line, Figure 1a), in agreement with the Monkman-Grant, MG, equation [4,5],
Ct nf min (2)
where tf is the time for creep rupture and n´ and C are constants. The constant C is known as 
the Monkman-Grant constant, and would represent the total elongation to failure in case that
n´=1 and min  dominates during the creep test. n´=0.80 and C=0.90 is obtained. The good 
common fit obtained (R2=0.98) at any of the temperatures and stresses investigated is 
remarkable.
Several trials to derive the MG equation (with n’=1) from high temperature fracture 
mechanisms have been attempted, but none of them, however, can be considered as a 
conclusive theoretical deduction of the equation from microstructural basis (see for example 
references [9-11]). Although only with an exponent n’=1 the constant C is sense (strain), the 
idea underlying this equation (plastic deformation is the macroscopic manifestation of the 
4cumulative damage generated during creep) can be also extended to the majority of cases in 
which n’≠1. Despite the empirical nature of the Monkman-Grant relation, equation 2, the good 
fit obtained in figure 1 reveals common inherent deformation/failure mechanisms in this alloy 
at any of the testing conditions investigated. The time to failure behavior of this alloy in the 
range of temperatures and applied stresses investigated here is fully predictable from equation 
2. At this point it is difficult to envisage an explanation from the deviation of the value of n´
obtained from the “ideal” n´=1. A deep analysis of this result is beyond the scope of the 
present research. It is likely, however, that other processes, such as changes in the 
microstructure associated with the simultaneous ageing process which occurs during testing, 
are also important for this result.
For the composite (E219 material) the data, Figure 1b, also obeys the MG relation although 
the fit is more scattered due to the “rougher” microstructure associated with the presence of 
the reinforcement. The slope obtained is now n´=0.67, which separates more from the value of
n´=1 than the data of the un-reinforced alloy. Again, a full explanation of this value is at 
present, speculative. It may be suggested, however, that the deformation and damage 
mechanism which operate in the un-reinforced alloy are also involved in the composite. Of 
course, additional processes linked to the metal ceramic interface may be also operative. 
These phenomena, however, should be not of great relevance as long as previous work [1] 
suggests that these mechanisms are minimized. On the other hand, it is possible that the 
difference between the value of n’ obtained for the un-reinforced alloy and the composite
material could rise from the combined action of the load partitioning phenomenon and the 
increased pipe diffusion (associated with a larger dislocation density in the composite than in 
the un-reinforced alloy) in the composite material.
It is also seen that the fit for the composite data runs below that for the alloy: For a given 
value of min , tf  for the un-reinforced alloy is almost two orders of magnitude greater than the 
composite; i.e., fracture occurs earlier in the latter material. This is at a first glance a 
surprising result which accounts for the effect of the reinforcing ceramic particles in the 
composite: For a given min  the applied stress in the composite is higher than in the alloy. 
However, this does not undermine the idea that similar inherent deformation and rupture 
mechanisms would characterize the alloy and the composite. In agreement with Decker, 
Groza, and Gibeling [12], the correlation of creep rupture data with equation 2 indicates that 
creep rupture is controlled by the creep deformation mechanisms.
The trends shown in Figure 1, hence, may suggest that common creep deformation 
mechanisms are active in both the composite and the alloy and that matrix creep behavior 
5dominates composite deformation at high temperature. Despite these findings, however, no 
hint of the load transfer mechanism appears from the plots shown in Figure 1. This is because
the applied stress is not a variable to be considered in predictions from the Monkman-Grant 
relation.
Another phenomenological model for materials creep life prediction, probably the most 
widely used in engineering, is that described by the Larson-Miller parameter, PLM [6]. This 
model relates PLM with T, and tf assuming that equation (2) is obeyed. The model operates, 
hence, considering the applied stress as an independent factor. The Larson-Miller parameter
model is derived from the Arrhenius dependence of the minimum creep rate and considering 
that equation (2) is obeyed. Accordingly, it is obtained [6]:
PLM= T (log(tf+K) (3)
Where K is a constant obtained from the experimental data and is equal to K=46. For 
simplicity, the same K value for both the unreinforced alloy and the composite has been 
assumed given the reasonable similar microstructures and creep deformation mechanisms of 
both materials [1].
The Larson-Miller parameter varies with stress such that at a given stress level, there are 
different combinations of T and tf which lead to the same PLM for a given stress.
As it was shown in figure 4 of [1], the power law dependence is obeyed for both the un-
reinforced alloy and the composite. Considering also the fits shown in figure 1, it is expected 
that reasonable Larson-Miller plots can be obtained for these materials. This is confirmed by 
the trends shown in the plot of Figure 2a. In this figure, the Larson-Miller plot of  as a 
function of PLM is shown for the un-reinforced alloy and the composite data of this 
investigation. It is seen that distinguishable behaviors for each material are obtained. Both 
trends run nearly parallel but separated from each other. As suggested above from previous 
study of these authors [1], however, an appropriate analysis of composite creep data should 
consider the role of the load transfer mechanisms from matrix to the reinforcement: i.e., that
the actual stress carried by the plastically deforming phase of the composite, the metallic 
matrix, is () instead of the applied stress, . In reference [1] an appropriate separation of 
the matrix strengthening due to a finer matrix composite microstructure and load transfer 
strengthening has been made. This allowed calculation of the precise effective stress carried 
by the composite matrix (and in turn, the load carried by the reinforcement). The data under 
the different conditions, as calculated in [1] by comparing the creep behavior of the composite 
and the un-reinforced alloy, are summarized in Table I. Consequently, a plot similar to that 
6shown in Figure 2a) but considering the effective stress, (), instead of , can be now 
constructed. As a result from this analysis, the tendency shown in the plot of Figure 2b is 
obtained. Here, the same data obtained to represent the plot of Figure 2a has been re-plotted, 
but considering that it is the effective stress, (), the one that the composite matrix 
undergoes during creep deformation. As can be seen here, and contrary to what is appreciated 
in figure 2a, both the un-reinforced alloy and the composite follow a remarkably common
behavior, accounting, hence, for 1) the relevant role played by the load transfer mechanisms 
during creep and fracture deformation and 2) the common inherent deformation/fracture 
mechanisms in both the un-reinforced alloy and the composite of this investigation. Despite 
the fact that the fit in Fig. 2b diverges somewhat with respect to that for the un-reinforced 
alloy in Fig.2a, the good agreement of all data is remarkable.
Finally, a comparison of the fracture surface of the un-reinforced alloy and the composite is 
shown from the SEM pictures of Figure 3. The micrograph of Figure 3a) is for the un-
reinforced alloy and Figure 3b) for the composite. The surfaces correspond to samples in 
which fracture occurred under similar testing conditions. As can be seen, a typical ductile 
fracture, with the presence of dimples associated with local plastic deformation in the interior 
of the grains and, hence, to a trans-granular type of fracture, is apparent. The composite also 
shows the presence of the reinforcing particles around which the plastically deformed regions 
are formed. In essence, these micrographs also suggest that similar deformation/fracture 
mechanisms are underlying in the creep process of these materials.
In summary, it has been shown that time to failure data of aluminum alloy metal matrix 
composite, as analyzed assuming a load transfer mechanisms and comparing data with that of 
the corresponding un-reinforced alloy lead to consistent results which validates further the 
relevant role of load partition during composite creep deformation.
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8Temperature 
(K)
Applied stress 
(MPa)
Time to fracture 
(s)
523 40 7,2E+05
523 48 1,6E+05
523 49 9,0E+04
523 49 2,4E+05
523 53 9,8E+03
523 61 5,6E+02
573 28 2,1E+06
573 31 1,5E+05
573 37 1,2E+04
573 40 2,1E+04
573 42 3,0E+03
573 47 9,0E+02
623 23 1,1E+05
623 29 1,9E+04
623 29 3,8E+04
623 39 7,7E+02
Temperature 
(K)
Applied stress 
(MPa)
Effective stress 
(MPa)
Time to fracture 
(s)
623 35 23 2,4E+06
623 35 23 1,6E+04
623 29 25 9,3E+05
623 37 27 6,2E+04
623 50 41 2,7E+02
673 17 16 3,7E+05
673 23 16 2,1E+06
673 23 20 3,5E+05
673 23 20 7,6E+04
673 30 22 3,3E+04
673 35 27 1,1E+03
673 43 31 3,7E+02
723 12 12 1,8E+05
723 15 13 1,9E+05
723 15 14 4,2E+02
723 17 15 6,5E+03
723 20 19 2,3E+03
723 30 22 4,2E+02
773 5,0 5,0* 1,8E+05
773 6,0 6,0* 7,1E+04
773 8,0 8,0* 8,5E+03
773 13,0 13,0* 1,9E+03
Table I.- Creep conditions and fracture data for the PM Al6061 alloy (E220) and Al6061-
15%volSiCw composite material (E219).
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Figure 1.- Time to failure as a function of the minimum strain rate for a) the un-reinforced 
alloy E220 and b) the composite E219 (Monkman-Grant plots). The data for the un-reinforced 
alloy fit quite well in a common line for any of the testing conditions investigated. The gray 
solid line in b) represents, for comparison, the fit obtained for the un-reinforced alloy data.
10
a)
1
10
100
20000 25000 30000 35000 40000
E219
E220
y = 155.75 - 0.0039545x   R= 0.96213 
y = 170.07 - 0.0047664x   R= 0.97666 
A
pp
li
ed
 s
tr
es
s 
(M
Pa
)
Larson-Miller parameter
b)
1
10
100
20000 25000 30000 35000 40000
E220
E219
y = 137.1 - 0.0035566x   R= 0.96776 
E
ff
ec
ti
ve
 s
tr
es
s 
(M
P
a)
Larson-Miller parameter
Figure 2.- Larson-Miller plot for the un-reinforced alloy and the composite data. a) The 
applied stress vs. the L-M parameter for both materials. b) The effective stress (T) on the 
aluminium matrix alloy of the composite (and the applied stress for the un-reinforced alloy)
vs. the L-M parameter. By definition, the value of PLM, varies with the stress through the 
empirical constant K. The good correlation between data for the un-reinforced alloy and the 
composite, assuming the effective stress in the latter case, is remarkable.
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a) Al6061; 623K 39MPa.
b) Al6061+15%VolSiCw; 623K 42MPa.
Figure 3. Fracture surfaces of a) the un-reinforced alloy and b) the composite tested at 623 K 
and applied stress indicated. For the case of the composite the effective stress on the matrix 
alloy calculated was 34 MPa (applied stress 42 MPa). Similar aspect surface with dimples 
associated with a trans-granular and ductile fracture are evident in both micrographs.
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